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Abstract 
In order to increase the accuracy of On-Machine Measurement, it is very necessary to develop a methodology to calibrate and compensate 
checking errors resulted from the pre-travel behaviour of touch trigger probe under actual measuring conditions accurately. The some factors 
impacting on the pre-travel behaviour under various measuring situations are investigated in this paper thoroughly. Based on analyzing the 
probe’s triggering mechanism and working procedure, the influencing law of main metrological parameters including measuring speed, the 
approaching direction, stylus length, material and geometrical characteristics of the detected objects on the pre-travel behaviour has been 
implemented. A novel measuring-task-oriented calibration method is presented, by which several main factors lessening calibration accuracy 
such as errors of machine tools and manufacturing errors of artifact are eliminated. By means of this method, the pre-travel behaviours affected 
by several combinations of the above-mentioned parameters for different measuring task have been obtained. The correctness and efficiency of 
the theoretical analysis and the calibration method has been verified by a compensation experiment. The experimental results show that the On-
Machine Measurement accuracy could be improved obviously. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of 13th CIRP conference on Computer Aided Tolerancing. 
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1. Introduction 
Quality control is one of the most important phases in the 
production process. It can be performed in various ways with 
different measuring gauges and equipments. In tradition, the 
workpiece must be inspected for dimension and shape errors 
in the QC lab or CMM (Coordinate Measuring Machine) after 
being machined, which is time-consuming and labor-intensive, 
especially for large scale parts. Thus the only practical way to 
do that is to migrate the critical primary inspection operations 
upstream from the QC lab or CMM to the production floor, 
and that’s what On-Machine Measurement (OMM) does. 
OMM technology can inspect the workpiece on its operating 
station by motion control and the position detection function 
of CNC machine tool. Trying to utilize the system effectively 
has become the focus of many researches. The OMM system 
allows controlling the workpiece directly on the machine tool. 
Moreover, the process could be integrated directly to the 
machining process without any delay resulted from the 
transportation and measuring process performed on the CMM 
or in a QC lab. Therefore, it is a feasible way to achieve the 
real-time control of the manufacturing process and improve 
the manufacturing accuracy and efficiency [1-4].  
The accuracy of measurements and authenticity of the 
results from measuring process are affected by various factors 
and that’s inevitable for OMM system, which brings up the 
needs for selecting appropriate measuring parameters for 
OMM system when inspecting the workpiece. The factors 
affecting the accuracy, efficiency and uncertainty of the 
measurement performed via OMM systems are the primary 
focuses of the research. Touch trigger probe is one of the most 
important components in OMM system, and its pre-travel 
behaviour has a great impact on the accuracy of inspection [5-
7]. Butler’s investigations show that the pre-travel errors 
account for 60% of the measurement errors [8]. The probe’s 
pre-travel is significantly dependent on the measuring 
conditions and different conditions will result in various pre-
travel behaviour. To improve the accuracy of measurement, 
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calibrating and compensating the probe’s pre-travel for 
different measurement tasks are necessary steps [9-11]. There 
are two kinds of methods to obtain the pre-travel value. One is 
by employing separate calibration instrument [12-14]. 
However, because the calibration condition and the probe’s 
working condition are not always consistent, the calibration 
result would be biased. Therefore, this method is always used 
to evaluate the triggering performance of the probe instead of 
compensating the pre-travel errors. The other method is by 
checking the probe with standard calibration artefacts, such as 
a ring or a ball, which is used in the CMM widely [10, 15, 16]. 
Although the pre-travel can be calibrated under the actual 
measuring conditions with that method, other factors may 
significantly influence the accuracy of the calibration, such as 
calculation errors, machine servo system errors, geometric and 
movement errors of the machine tool, the roundness error of 
the stylus tip and manufacturing errors of the ring or the ball. 
This paper proposes a task-oriented calibration method 
after analyzing how the different factors affect the pre-travel 
behaviour. That means before measurement, the main 
operating parameters including triggering speed, stylus length 
and the triggering direction should be carefully chosen 
regarding to different measuring objectives, which have 
significant influence on the pre-travel behaviour of touch 
trigger probe.  
In the following sections, the method will be used in 
exploring the relationship between the main operating 
parameters and the pre-travel behaviour. The feasibility and 
accuracy of the method will be verified by a compensation 
experiment using the calibration results. 
2. Pre-travel behaviour of Touch Trigger Probe  
2.1.  Concept of the Pre-Travel Under Actual Measuring 
Conditions 
In measuring process, the pre-travel of the touch trigger 
probe is the measuring errors caused by  the deviation of the 
contact position of stylus between workpiece and the practical 
triggering position recorded by CNC system. The probe’s pre-
travel behaviour is determined by the working principle itself 
and is also influenced by the measuring conditions. The basic 
structure of the touch trigger probe is shown in Fig.1 [11]. 
 
The probe’s working process is shown in Fig.2, where T1 is 
the moment when the stylus contacts the workpiece, and T2 is 
the moment when the trigger signal is generated by the probe, 
T3 is the moment when CNC stops the motion of the machine 
tool and records the coordinates after receiving the trigger 
signal. 
 
If we assume that the triggering speed is V, then the pre-
travel could be written as  
1 2 1 2P P P V t V t   '  '                                   (1) 
where Δt1=T2-T1, Δt2=T3-T2Ǆ 
Δt1 is significantly influenced by the performance of the 
probe and its own configuration. It will be varied if the probe 
is triggered along a different direction or with some other 
configurations. P1 is a constant systematic error of pre-travel. 
The process of CNC system responding to the trigger signal is 
a stochastic process, so Δt2 varies between zero and the 
interrupt scan cycle of the CPU. As a result, P2 is not a 
constant and is one of the principal primary random error 
sources of the pre-travel errors.  
2.2. Analysis of the Pre-Travel Behaviour 
The pre-travel for a probe contains the elastic deflection of 
the probe stylus and the switch displacement of the trigger 
mechanism. 
 
The applied force constitution on the touch trigger probe in 
the measuring process is shown in Fig.3. Then the trigger 
force is approximately equal to  
Fig.3 Diagram of the triggering mechanism 
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where Fs is the pre-force applied by the pre-load spring and 
gravity, l1˄α˅is the arm of pre-force which is related to the 
trigger direction and H is the effective length of the stylus. 
Consequently, the elastic deflection of the probe stylus 
during triggering process due to the trigger force is given by 
  31 4643w s
HP F l
D E
D S                                                    (3) 
where D is the diameter of the stylus and E is the Young 
modulus of the stylus. 
After the stylus contacts the workpiece and triggers the 
probe tripod to rotate around the deflexion axis, a binary 
signal will be generated if the switch displacement exceeds 
the threshold value τ. The deflexion axis will change 
accordingly to the triggering direction because of the triangle 
structure of the trigger mechanism. Its geometry is shown in 
Fig.3. The switch displacement could be presented as 
following  
 D
HP
l
W
D
                                                                      (4) 
where l˄α˅is the equivalent length which would make some 
change with the trigger direction and is relevant to the 
structure of the trigger mechanism. 
It should be noted that for those workpieces with thin-shell 
structure or soft material, the elastic deflection caused by 
trigger force cannot be neglected. According to the Hertz 
theoretical model, the deflection can be calculated using the 
following formula [17] 
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where KH is the contact surface material constant, EbǃEo are 
the Young modulus of the stylus ball and the workpiece 
respectively, d is the diameter of the stylus ball and r is the 
radius of curvature of the workpiece at measuring point. 
 
 
 
2.3. Analysis of the Factors 
The interactions of the factors which influence the pre-travel 
behaviour of touch trigger probe under actual measuring 
conditions are shown in Fig.4. The factors can be categorized 
into 3 aspects: the probe system, the measurement movement 
and the measure workpiece. The following statements could 
be deduced from formula (1) ~ (5). 
x The pre-travel is different when the probe is triggered 
along different directions. This characteristic, called 
anisotropy is distributed triangularly on the plane 
perpendicular to the probe. 
x The relationship between pre-travel and trigger speed is 
linear, namely the higher the trigger speed, the longer the 
pre-travel. 
x The dimensions of the stylus are primary factors that 
influence the pre-travel, and their relationship is presented 
as a power function: the longer and slenderer the stylus is, 
the longer pre-travel will be. 
x With regard to ductile workpiece there will be an elastic 
deflection between the tip of the stylus and the workpiece. 
That is an essential element of the pre-travel as well. Its 
value is related to the texture of the material, the trigger 
direction and the radius of curvature of the workpiece at 
measuring point.   
3. Pre-Travel Calibration Method 
3.1. Principle and Set-up 
According to Section 2, probe’s pre-travel behaviour is 
composed of systematic error and random error, and the 
compensation needs to be benchmarked by the systematic 
error. Therefore the pre-travel of the probe should be 
calibrated by the relative displacement of the probe to the 
artifact when the stylus contacts the measured artifact (T1) till 
the probe triggering (T2). Consequently, there are 3 key issues 
that need to be worked out: 
x How to recognize accurately when the stylus contacts the 
artifact? 
x How to detect the triggering signal? 
x How to measure the relative displacement precisely? 
For the first issue, the stylus, the power supply and the 
artifact need to be connected in series with each other. 
Channel-B of high-speed data acquisition instrument, as a 
Fig.4. Influence factors of touch trigger probe pre-travel 
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voltmeter, should be linked to the stylus and the artifact in 
parallel. When the stylus contacts the artifact, the voltage of 
circuitry will change as a switch signal, which can be 
measured by channel-B precisely. In that way, the signal of 
the stylus contacting the artifact can be detected accurately 
and with high sensitivity.  
Regarding the second issue, since the output voltage of 
probe will vary at the moment of the probe being triggered, 
we could detect this signal using the channel-C of the high 
speed data acquisition instrument. 
In respect to the 3rd issue, the relative displacement, a 
displacement sensor should be mounted on the machine 
spindle and touch the artifact. The output signal of the artifact 
is modulated by the inductance micrometer and then be 
monitored by Channel-A of the high-speed data acquisition 
instrument. When the artifact moves against the probe, the 
sensor will be compressed and a voltage proportional to the 
relative displacement will be recorded by the data acquisition 
instrument. 
The three channels record all the data at the same time. 
When the stylus contacts the artifact (indicated in channel-B), 
the data in channel-A is recorded as U1; When the probe is 
triggered (indicated in channel-A), the data in channel-A is 
recorded as U2. Now the pre-travel can be calculated via the 
following formula 
 2 1P U UK                                                          (6) 
where η is the voltage-displacement coefficient of 
displacement sensor. 
The calibration set-up is shown in Fig.5. Fig.5 (a) is the 
schematic diagram of the set-up and Fig.5 (b) is a photograph 
of the actual calibration instrument. In order to identify and 
record every signal accurately, the sampling period of the 
multichannel high-speed data acquisition instrument is set to 
be 2μs. According to the data from the manufacturer, the 
displacement sensor’s repeatability error is 0.15μm in the 
range of 1mm. The system allows the probe to be calibrated in 
3-dimensions. The probe is fixed on the spindle, and the 
artifact (gauge block) is mounted on the machine table that is 
parallel to the probe axis and strictly vertical to the axis of 
movement. By rotating the spindle, various triggering 
direction in XY plane, indicated by angle α as shown in Fig.1, 
can be simulated. While the various triggering direction in YZ 
plane, indicated by angle β in Fig.1, can be realized if using a 
cylinder gauge, whose center axis is vertical to axis of 
movement and the probe axis, instead of the gauge block. 
According to previous papers, the pre-travel behaviour in 
horizontal orientation differs significantly from that one in the 
vertical direction due to gravity [14, 18]. If the set-up is 
installed on a horizontal type machine tool, then the probe 
could be tested at its horizontal position.  
3.2. Reliability Analysis of The Method 
To test the reliability and stability of the method, hundreds 
of calibration experiments have been carried out with the 
same trigger speed, approaching distance and direction, and 
the results have been analyzed by applying statistical methods  
 
such as Kolmogorov-Smirnov˄K-S˅ and Z-test. All the 
hypothesis tests have proved that the values of pre-travel 
obtained by the novel calibration method are normally 
distributed at 95% confidence level. Fig.6 is a histogram 
showing the values of pre-travel obtained by the calibration 
method obey to normal distribution (solid line). It can be 
observed that the per-travel varies from 0.037mm to 0.039mm, 
and most of them are between 0.0375mm and 0.0385mm. 
 
4. Experimental Results and Analysis 
4.1.  Calibration Experiment  
Before measurement, the trigger speed, stylus length and 
trigger direction need to be selected specifically for the 
Fig.6 Exemplary histogram of calibration results  
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measuring task. According to the results of theoretical 
analysis, the above-mentioned factors are investigated by the 
method proposed in this paper.  
4.1.1. Influence of the Trigger Speed  
The probe’s pre-travel has been calibrated with different 
triggering speed: 50 mm/min, 250 mm/min, 50 mm/min, 750 
mm/min, 1000 mm/min and 1250 mm/min with 55mm and 
95mm stylus. For each of the styluses, the experiment is 
repeated 5 times at each triggering speed. The calibration 
results (averaged from the 5 experiments for each stylus) are 
shown in Fig.7. It can be seen that the pre-travel increases 
significantly with the enhancement of the triggering speed. 
These results suggest that the pre-travel behaviour is a 
function of the triggering speed. 
 
4.1.2. The Anisotropic characteristic of Probe’s Pre-Travel 
In order to validate the influence of the triggering direction 
on the pre-travel, a probe was tested in a XY plane vertical to 
the probe axis with the same speed. To show the effect of the 
stylus length on the pre-travel, two types of stylus were used: 
55mm and 95mm long. The calibration were carried out with 
a rotational step unit of 12e. The test was repeated 5 times 
every 30 directions. The values of the pre-travel P (solid line) 
as a function of the triggering direction are presented in the 
polar coordinates in the Fig.8.  
 
The unidirectional variation of the pre-travel is expressed 
by the standard deviation s (dashed line). The blue and red 
solid line represents the results for the 95 mm and 55mm 
stylus respectively. The fig.8 indicates that the anisotropic 
characteristics of pre-travel appear to be triangular and its 
range is 0.0128mm and 0.022mm for 55mm and 95mm stylus 
respectively. 
4.1.3. Influence of the stylus length  
We calibrate the probe’s pre-travel with 55mm and 95mm 
length stylus respectively. As can be seen in the Fig.7 and 
Fig.8 the pre-travel is positively correlated to the stylus length 
and the overall aspect of the triangle gradually increases, 
which is consistent with formula (3) and (4). 
4.2.  Compensation Experiment  
To test the validity of the proposed method and the 
correctness of the analysis in section 2, an experiment of high-
precision probe to detect an object was conducted with 
different trigger speeds and two types of stylus. A Measuring-
Task-Oriented compensation experiment was implemented 
based on the pre-travel obtained in the calibration experiment.  
 
As shown in Fig.9, the dimension of the measured object 
can be calculated via the following formula 
 ' ' ' 2L B A B A r a b                              (7) 
where A' and B' are the coordinates recorded by CNC system 
relating to the trigger direction +X and -X of the machine; r is 
the radius of the stylus tip; a and b are the pre-travel relating 
to the trigger directons respectively. 
The measuring error caused by the probe’s pre-travel is
a bW   . The results of the compensation experiment are 
shown in Table 1 and Table 2. 
Table 1. Experimental result with 55mm stylus 
Trigger speed 
˄mm/min˅ 
Dimensions of measured objects ˄mm˅ 
Measuring value Truth-value 
Before 
compensate 
After 
compensate 
40.0972 
250 
500 
750 
1000 
40.0208 
39.9764 
39.9264 
39.8918 
40.0766 
40.0791 
40.0784 
40.0808 
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Table 2. Experimental result with 95mm stylus 
Trigger speed 
˄mm/min˅ 
Dimensions of measured objects ˄mm˅ 
Measuring value Truth-value 
Before 
compensate 
After 
compensate 
40.0972 
250 39.9990 40.0815 
500 39.9568 40.0761 
750 39.9189 40.0883 
1000 39.8882 40.0742 
It is obvious that the probe’s pre-travel behaviour 
significantly depends on the actual measuring conditions, 
which are inseparable from the measuring task. The 
measuring accuracy could be improved tremendously if the 
probe’s pre-travel is calibrated and compensated regarding to 
the measuring tasks. 
5.  Conclusions 
In measuring process, the pre-travel of the touch trigger 
probe is an essential measuring error resulted from the 
deviation of the contact position of stylus between workpiece 
and the practical triggering position recorded by CNC system. 
It depends on its working principle, and the actual measuring 
conditions. 
The influence of the measuring conditions has been 
investigated in this paper, and they can be categorized into 3 
classes: the condition of the probe system, the measurement 
movement and the condition of the measured workpiece. The 
impacts of main operating parameters on the pre-travel 
behaviour of touch trigger probe have also been investigated. 
They include the trigger speed, the length of the stylus and the 
trigger direction. The higher the trigger speed, the longer the 
pre-travel and it will also increase if a longer or slenderer 
stylus is used. On the plane vertical to the axis of the probe, 
the pre-travel is distributed triangularly as called anisotropy. 
A novel task-oriented pre-travel behaviour calibration 
method of touch trigger probe is proposed. This is done by 
identifying the displacement of the probe relatively to the 
object between contact point and trigger point. The various 
factors affecting calibration accuracy are eliminated 
effectively, such as servo system errors, geometric errors and 
movement errors of the machine tool, roundness errors of the 
stylus tip and the manufacturing error of the artefact. By 
means of the calibration experiment, the results of theoretical 
analysis have been verified. 
A compensation experiment has been conducted, and the 
results show that measuring-task-oriented calibration method 
is an effective way to ensure the accuracy for different 
measuring tasks. 
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